Fluoropolymers are promising materials for the single-layer resists used in 157-nm lithography. The fluoropolymer positive-tone resists we studied showed high optical transparencies at 157 nm (absorption coefficients of 0.01 to 2 µm1), their dry-etching resistance was comparable to that of an ArF resist. They showed good sensitivities, from 1 to 10 mJ/cm2, and high contrast in their sensitivity curves. The quartzcrystal-microbalance method showed that these resists swelled transiently during development and that the rate at which they dissolves was slower near the interface between the resist and the substrate than it was in the bulk of the resist.
Introduction
One of the most critical issues for the development of 157-nm lithography is the improvement of the resist material. [ 1, 2] This is because most organic materials have large absorption coefficients at this wavelength. The conventional base resins are unsuitable for singlelayer resists because they would have to be less than 60 nm thick to provide 50% transmittance of 157-nm light. New materials should therefore be developed.
Fluoropolymers are good candidate materials for the base resin of single-layer resists because of their transparency at the 157-nm wavelength and are therefore being studied intensively. [3] [4] [5] [6] But the base resins of high-resolution single-layer resists must also meet requirements with regard to filmforming, aqueous-base solubility, adhesion to a substrate, and minimal dark film loss. Of particular interest is the dissolution behavior of fluoropolymers because the fluorine unit in the polymer exerts a large influence on the dissolution behavior. A very interesting subject is how the coexistence of fluorine units, hydrophilic units, and hydrophobic units influences the development of a resist in an alkaline solution.
This paper therefore reports the results of our studies on the properties of fluoropolymer positive-tone resists, with special emphasis on the dissolution behavior during development.
Experimental Materials and sample preparation
We made sample films by using fluoropolymers obtained from Asahi Glass Co. and Daikin Industries, propylene glycol methyl ether acetate (PGMEA) obtained from Kanto Chemicals, and triphenylsulfomum triflate (TPSTf) obtained from Midori Kagaku Co. These materials were used as received. To study the solubility of polymers and resists, we used as a standard developer the developer NMD-3 made by Tokyo Ohka Kogyo Co. It is a 0.26 N aqueous solution of tetramethylammomum hydroxide (TMAH).
PGMEA was used as a casting solvent, and solutions used for forming resists were made by adding a photoacid generator (5% w/w) to the base fluoropolymer solution. The fluoropolymer concentrations were adjusted to between 2% and 10% (w/w), and particles more than 0.2 im in diameter were filtered out before sample films were formed by spin-casting.
General experimental procedures
Polymer or resist solutions were spin-coated on MgF2 disks to a thickness of about 100 nm, after which the samples were baked on a hot plate for one minute at 110°C. The absorption spectrum of the samples was measured by using a single-beam vacuum ultraviolet (VUV) spectrometer (Model VU-201, Bunkoh-Keiki Co.), and the sample film thickness measured by interferometric microscopy was used to calculate the absorption coefficient.
The dry-etching resistance of sample films was evaluated using an IEM etcher from Tokyo Electron Ltd. Under the following conditions: total pressure = 30 mTorr , Ar flux =400 sccm, C4F8 flux= 11 sccm, 02 flux=8 sccm, 27-MHz power applied to top electrode=2000 W, 800-kHz power applied to bottom electrode= 1200 W. The etch rates were calculated from the etching time and the difference between the film thicknesses before and after etching.
The dissolution rates were measured by the quartz crystal microbalance (QCM) method. [8] Sample solutions were spin-cast onto a quartz crystal plate with a resonance frequency of 5 MHz and were dried at 110°C for 60 sec. After the crystal sample was connected to resonance electric circuits in a sensor probe, it was immersed in a 0.26N TMAH solution and a plating monitor (PM-740 of Maxtek, Inc.) measured its resonance frequency during development. The measured frequency was converted to thickness by using the conversion ratio calculated from the film thicknesses measured before and after development.
Flood exposure was carried out using an openframe F2 laser exposure system (VUVES-4500 of Litho Tech Japan Co.). Resist sample films were prepared by spin-coating the resist solutions on a hexamethyldisilazane-treated silicon wafer and then baking it at 110°C for 60 sec. Sensitivity curves were obtained by exposing 1 cm2 of the samples to dosages from 1 to 100 mJ/cm2.
Imaging was carried out using a 157-nm laser microstepper (NA=0.60, 6=0.70) that patterned the sample films with a test mask with dosages from 1 mJ/cm2 to 100 mJ/cm2. After the exposed resist films were baked at 19°C for 60 sec and developed for 60 sec in the 0.26 N TMAH solution, the fine patterns on them were observed by using scanning electron microscope (Hitachi model S-4500).
Results and Discussion Polymer properties
The VUV absorption spectrum of a typical fluoropolymer is shown in Fig. 1 . The absorption coefficient is small compared with that of the conventional hydrocarbon polymers (about 6 p.m ') .
[l]
Although the reasons for the high transmittance of fluoropolymers are still under investigation, fluorination is known to increase a polymer's transmittance in the VUV region. [1, [3] [4] [5] Many of the fluoropolymers measured in this study showed good transparency, having absorption coefficients between 0.01 and 3 µm'. This makes them promising for the base resin of 157-nm resists.
The dry-etching resistance of organic polymers is usually improved by added multicyclic groups such as norbornenes to the polymer, and fluoropolymers containing multicyclic groups show also good etch resistance. [4] [5] [6] [7] The dependence of dry-etching rate on the protection group ratio is shown in Fig. 2 for a series of fluoropolymers with oxygen-containing protective groups.
There is a good correlation between the dry-etching rate and protective group ratio (the coefficient of determination is 0.76), and the etching rate increases with increasing oxygen content. This agrees with conventional empirical results. [9, 10] The general dissolution behaviors of fluoropolymers containing acidic functional groups, such as a carboxylic acid and an a-fluoroalkyl alcohol, to make them soluble in alkaline solutions are shown in Fig. 3 . Fluoropolymer (a) could dissolve in the standard 0.26 N TMAH developer without swelling, but fluoropolymer (b) did not. And fluoropolymer (c) swelled monotonically. The poor solubility of the fluoropolymer (b) and (c) is due to two factors. One is that the ratio of alkalinesoluble groups in the polymer is small. The molecular structures of dissoluble monomers and their copolymerization ratios should be optimized to render sufficient solubility in a developer to the fluoropolymer. The other is that the fluorine effects due to the fluoromonomer units tend to keep acidic functional groups from dissolving in an alkaline solution. Figure  4 (a) shows that the protected fluoropolymer was almost insoluble in the alkaline solution. The same fluoropolymer without the protective functional group dissolves very quickly in the developer, but its dissolution rate is drastically decreased in the interface layer near the substrate. [8] It should be noted that even though the initial film was very thin, less than 100 nm thick, the interface layer was relatively thick: about 50 nm. Figure 5 shows the dissolution behavior of a 100nm-thick region of another alkaline soluble fluoropolymer film with an initial thickness of about 2 micrometers. It dissolves well at a constant rate in the bulk region. The dashed line is an extrapolation from the bulk dissolution region to the substrate. The interface region can be also recognized as a region about 50 nm thick, but this polymer dissolves more quickly in the interface region than does the one whose behavior is shown in Fig. 4(b) . This indicates the dissolution behavior in the interface layer depends on the molecular structure of the fluoropolymers. Figure 6 summarizes the optical and dry-etchingresistance properties of fluoropolymers. As shown by the dots in the hatched area, there are some fluoropolymers meet the etch resistance and transparency requirement. Open dots indicate fluoropolymers with alkaline-soluble groups or protective groups, and these fluoropolymers are potentially useful as positive-tone or negative-tone resists. Figure 7 shows the sensitivity curves of positivetone resists consisting of six kinds of fluoropolymers, all with TPSTf as the photoacid generator. Resists P1 to P5 showed good clearing doses, from 1 to 10 mJ/cm2, and almost no thickness loss in the unexposed area during development. The deprotection of the protection group was done under chemically amplified conditions.[l1] A good sensitivity was found, and the deprotected polymers dissolved well in the aqueous base: within 60 sec at room temperature. development. We therefore used the QCM method to study the dissolution of resists treated with various exposure doses. Figure 8 shows the exposure-dose dependence of the dissolution behavior of the positive-tone resist P5. This resist shows a sensitivity Do of 7.0 mJ/cm2 at a thickness of 150 nm. In Figure 8 (a) the film thickness with the exposure dose of 0.3 x Da did not change in the alkaline developer. It is consistent with the result of the sensitivity curve of no film thinning. In Figure  8(b) , however, swelling behavior were observed at the exposure dose of 0.7 x Do. No swelling behavior was observed in the sensitivity curve of the resist P5. These results showed that the swelling layer was considered to shrink by rinse water after development.
Resist properties
It might deteriorate the resist resolution by the pattern deformation. This transient swelling during development cannot be revealed on the contrast curves but on the QCM traces.
In Figures 8(c) and 8(d) , as the exposure dose is more than Do, the resist P5 dissolves quite fast without swelling. These drastic changes of dissolution behavior seen when the exposure dose was changed are thought to be caused by the strong hydrophobicity of the fluorine monomer unit. These results show that the balance between the hydrophobic fluorine units and the hydrophilic deprotected units was very critical to obtaining the positive-tone resist without swelling and that the molecular structures of both the fluorine units and the insoluble units should be optimized. Figure 9 shows the QCM trace of the fluoropolymer positive-tone resist. The initial film thickness was 100 nm and it showed a large swelling at the initial stage of development. After smooth dissolution followed the swelling, the QCM resonance frequency changed suddenly. This means the resist film was removed during the development, and this peeling-off is one of the fluoropolymer characteristics that need to be settled. SEM images of fluoropolymer-based resists are shown in Figs. 10 and 11 . The positive-tone resist shown in Fig. 10 was formulated with TPSTf and a fluoropolymer similar to that used in resist P2. The resist film spin-coated on a bare Si substrate to a thickness of 105 nm was exposed with a dose of 12.5 mJ/cm2 by using a 0.6-NA microstepper with a binary mask. Figure 10 illustrates the resolution capability of 160-nm line and space patterns with tapered cross-sectional shape of the Selete first fluoropolymer-based resist.
The resist shown in Fig. 11 was based on a fluoropolymer with a base-soluble component ratio larger than that of the resist shown in Fig. 10 . A film 100 nm thick was spin-coated on a bare Si substrate and exposed with a dose of 23 mJ/cm2 when using a Levenson mask. The resolution of the 95-nm line-and-space pattern was determined in the resist.
This low resolution maybe explained by the dissolution behavior mentioned above. One reason is the dissolution rate at the interface. Some fluoropolymers show extremely slow dissolution near the interface between the resist and the substrate even though they dissolve rapidly in the bulk. These slow dissolution rates of the interface layer are thought to degrade the dissolution contrast of the fine pattern. Another reason for poor resolution might be segregation during development. Fluorinated components are less soluble in an alkaline solution than unfluorinated components are, so alkaline-soluble polymers with low fluorine contents dissolve away preferably during development. Less soluble polymers with larger fluorine contents, on the other hand, resist dissolving and remain as residues. The development process might work as segregation during development. The other reason is that the transient swelling of the resist parts exposed with about the clearing dose degrades the resist resolution. We are now using the QCM method to study the dissolution characteristics of fluoropolymers.
Conclusion
The fundamental properties of positive-tone resists using fluoropolymers were studied and these resists were found to have high transmittance (absorption coefficients of 0.01 to 2 µm' at 157 nm) and to be potentially more resistant to dry etching than an ArF resist is. Although these resists dissolved away after development and their contrast curves were clearly determined, some of them showed swelling during development. It was also observed that the dissolution rate slowed at the interface between the resist and substrate. This swelling and this slow dissolution at the interface degrade the performance of fluoropolymer resists. Under these dissolution conditions, positive-tone resist delineates 160-nm line-and-spaces patterns when the exposure dose is 12 mJ/cm2.
